This study reports the synthesis and characterization of iron nanoparticles in the presence of K10 bentonite. Introducing K10 during synthesis of iron nanoparticles resulted in a partial decrease in the aggregation of the nanoparticles. The dispersed nanoparticles showed a typical core-shell structure and were predominantly within the 10-60 nm size range. The composite adsorbent was tested for the removal of Co 2+ ions in aqueous solution at various contact times, concentrations, pH, and repetitive loadings. The rate of adsorption was evaluated using first and second order rate equations. The adsorption was described by the Freundlich model. The adsorbent showed effective removal after re-use and the adsorption increased with increasing initial pH.
Introduction
Powder and granular forms of iron have been applied as reactive materials in permeable reactive barriers (PRB) for the removal of different pollutants (Blowes et al., 2000) . Application of iron nanoparticles should improve the remediation ability of the material by increasing the surface to volume ratios. This technology is expected to provide cost-effective solutions to some of the most challenging environmental cleanup problems and offer enormous flexibility for in situ and ex situ applications (Zhang, 2003) . Although iron nanoparticles have been reported to demonstrate excellent removal capabilities towards various organic and inorganic aqueous pollutants (Ponder et al., 2000; Kanel et al., 2006; Li and Zhang, 2007; Çelebi et al., 2007; Üzüm et al., 2008; Karabelli et al., 2008; Zhang et al., 2006; Varanasi et al., 2007; Liu et al., 2005) , adequate delivery and transport models of the material in soil and groundwater bodies is seen as one of the difficulties associated with the application of this technology for in situ remediation .
By incorporating iron nanoparticles specifically with minerals that are amenable to geochemical conditions, the delivery of such materials into contaminated sites can be facilitated. By virtue of their wide abundance as well as thermal and structural stability, clay minerals might be suitable materials for hosting iron nanoparticles material. This unique association of iron nanoparticles with clay minerals might be helpful in overcoming problems that relate to the application of the iron nanoparticles technology such as the agglomeration inside water bodies and the relatively high zero point of charge of iron nanoparticles. In spite of the reported advantages, difficulties associated with the direct application of iron nanoparticles for water remediation were discussed (e.g. Zhang, 2003; Huber, 2005; Li et al., 2006) . We have reported that the synthesis of iron nanoparticles in the presence of kaolinite decreased the aggregation of the nanoparticles yielding a partial dispersion of them onto the kaolinite surface (Üzüm et al., 2009) .
This study reports the synthesis of iron nanoparticles in the presence of K10 bentonite that is composed of montmorillonite, illite, and quartz. The resulting adsorbent was used for the adsorption of Co 2+ ions from aqueous solution. The adsorbent was characterized using transmission electron microscopy (HR-TEM), scanning electron microscopy (SEM), x-ray diffraction (XRD), electrokinetic mobility measurements, and the BET-N 2 technique. Flame-atomic absorption spectroscopy (FAAS) was used to determine the Co concentration in aqueous solutions.
Experimental

Preparation of the bentonite/iron nanoparticles
In this study FeCl 2 ·4H 2 O (ReagentPlus 99%, Sigma-Aldrich 22029-9), NaBH 4 (powder 98%, Aldrich 4511-2), bentonite K10 (Aldrich 28152), absolute ethanol (Riedel-de Haën 32221), and CoCl 2 ·6H 2 O (Riedel-de Haën 31277) were used without further purification.
The bentonite/iron nanoparticles were prepared by borohydride reduction at a Fe:bentonite mass ratio of 1:5 (Üzüm et al., 2009 stands for unadsorbed iron nanoparticles. The solid material was separated from the liquid phase by vacuum filtration. The solid particles were washed at least three times with 25 mL portions of absolute ethanol, and then were dried overnight at 50°C. . The pHs of the solutions were measured at the beginning and at the end of the shaking process.
Adsorption experiments
A series of repetitive experiments were performed to study the reusability of the adsorbent. In each experiment, a 0.20 g sample of bentonite/iron nanoparticles was added to either 10.0 mL of 5.0 mg/L or 100.0 mg/L aliquots of Co 2+ solution. After a shaking period of 45 min, the mixtures were centrifuged and the supernatant solutions were transferred into clean tubes. A 10.0 mL portion of the fresh Co 2+ solution possessing the same initial concentration was added onto the solid sample that remained in the tube. After a further shaking period of 45 min, the liquid phase was separated again and kept for the analysis. In this way, the adsorbent was exposed to eight successive doses of 10.0 mL solutions.
Characterization techniques
The surface area of the bentonite/iron nanoparticles samples was determined by the BET-N 2 method using a Micromeritics Gemini 5 type instrument. The samples were degassed for 3 h at 353 K. To identify the point of zero charge (pzc) of the bentonite/iron nanoparticles samples, the electrophoretic mobility was measured for a series of dispersions at a concentration of 0.1 g/L using a ZetaMeter 3.0 instrument.
The filtrate was analyzed for the Co content via flame AAS using a Thermo Elemental SOLAAR M6 Series atomic absorption spectrometer with an air-acetylene flame. Accuracy was checked through spike tests on the supernatant solutions and it was verified that the aqueous calibration plot could successfully be used in the calculation of the sorption results.
The XRD analysis was done with a Philips X'Pert Pro instrument (Cu K α radiation). SEM/EDX analysis was performed using a Philips XL-30S FEG type instrument. TEM characterization of the adsorbent was performed using a Tecnai F20 instrument from FEI, operated at 200 kV acceleration voltage. Prior to analysis, the sample was dispersed in ethanol using an ultrasonic bath. Subsequently, a drop of the dispersion was applied to a holey carbon TEM support grid and excess solution was blotted off with filter paper.
Results and discussion
Characterization of the bentonite/iron nanoparticles
The bentonite/iron nanoparticles predominantly had an opaqueblack appearance. A typical XRD pattern of bentonite prior to the reaction is given in Fig. 1 While some of the iron nanoparticles were dispersed on the bentonite particles, another part exhibited a characteristic chain-like morphology (Fig. 2) . HR-TEM images (Fig. 3) showed both forms and demonstrated also the core-shell structure of iron nanoparticles. The particle diameter ranged within 10-60 nm, with the shell thickness of 3-4 nm. The absence of the lattice fringes in the HR-TEM images indicated that the shell was amorphous. The thickness of the shell in the dispersed nanoparticles and chain-like morphology were similar. The shell in the nanoparticles is known to play a dual role. It preserves the iron core against fast oxidation (e.g. Li and Zhang, 2007; Karabelli (Li and Zhang, 2007) . HR-TEM images for bentonite/iron nanoparticles samples stored under atmospheric conditions showed that the nanoparticles seemed to retain their dispersion on the bentonite particles over time. Fig. 3d shows a sample aged for six months at atmospheric conditions. The shell thickness after the given period was around 5 nm, indicating a slow advancement in oxidation. Fig. 2 . SEM images of the bentonite/iron nanoparticles adsorbent at two different magnifications. Fig. 3 . HR-TEM images of: a) iron nanoparticles both in chain-like morphology and in dispersed form on the bentonite surface, b) iron nanoparticles on bentonite surface, c) the coreshell structure of iron nanoparticles, and d) iron nanoparticles on bentonite surface six months after preparation.
The specific BET surface area of the adsorbent was 66.5 m 2 /g, in comparison to 57.3 m 2 /g for K10. The variation of electrophoretic mobility of the bentonite/iron nanoparticles adsorbent as a function of pH (Fig. 4) indicated a pzc at pH = 2.8. This is due to the presence of the bentonite in 5:1 ratio in the composite adsorbent. Fe nanoparticles possessed a pzc at pH = 8.1-8.2 (Çelebi et al., 2007; Üzüm et al., 2008; Sun et al., 2006 (Fig. 5 ). The data were described by the first and second order rate equations for the removal of Co from aqueous solution which might be written as follows:
Integrating under the boundary conditions C t = C 0 at t = 0 and C t = C t at t = t yields:
The term C 0 −C e in both equations is a fixed parameter for a given set of experimental data at a certain initial concentration. Eq. (3) can be easily transformed into the well known Lagergren's equation (pseudo-first order rate equation) if expressed in terms of the adsorbate concentration on the solid phase, q t , by the mass balance formula:
Here M is the mass of the adsorbent and V is the volume of the solution used in adsorption experiments. Eqs. (3) and (4) were plotted against time of the presaturation interval, up to 60 min of contact time (inset in Fig. 5) . The linear regression analysis showed that the data correlated better with the second order kinetics (Eq. (4)). The rate constants and linear correlation coefficients were 0.0353 min − 1 and 0.9218 for the first order kinetics, and 0.0172 L mg − 1 min − 1 and 0.9748 for the second order kinetics.
The data were also tested using Ho's equation (pseudo second order equation) over the entire time range as recommended by the author (Ho, 2006) :
In spite of the almost perfect correlation with the entire range of data, the intercept was negative, a physically impossible situation. However, when the data corresponding to only the presaturation interval were used, the problem was fixed and the linear fit yielded a rate constant of 0.04727 g mg − 1 min − 1 with a linear correlation coefficient of 0.9998.
Effect of initial Co 2+ concentration
Adsorption of Co 2+ at different initial concentrations is shown in Fig. 6 . As expected, the adsorption capacity of the bentonite/iron nanoparticles composite was smaller than that of pure iron nanoparticles but was significantly enhanced in comparison to the bentonite K10. The adsorption isotherm was of L-type without reaching a saturation plateau (Fig. 7) . This class of isotherms indicates that the ratio between the concentrations of the adsorptive remaining in solution and that adsorbed on the solid increases with increasing Fig. 4 . Electrophoretic mobility data of bentonite/iron nanoparticles. solute concentration, providing a concave curve as a result of progressive saturation of the solid (Limousin et al., 2007) . The adsorption data were fitted to the Freundlich equation,
The total isotherm could not be fitted by the Freundlich equation but two linear sections were obtained in the linearized representation (inserts in Fig. 7 , Table 1 ). The values of the constants were strongly dependent on the concentration range, with much higher adsorption affinity observed at the lower range of concentrations. The results given in this section were obtained at the adsorbent concentration of 1.25 g/L. In this case, the adsorption of Co 2+ was almost quantitative up to the initial concentration of 50.0 mg/L. Fig. 8 indicates that nearly complete removal of Co 2+ ions from 50.0 mg/L solutions was possible using less than 2 g/L adsorbent content, indicating the effectiveness of the adsorbent.
Reusability of the bentonite/iron nanoparticles
The adsorbent effectively removed Co 2+ ions from aqueous solution even after 8 successive uses (Fig. 9) . When the Co 2+ concentration was increased to 100.0 mg/L, more than 90% of Co 2+ was adsorbed after three uses. Taking into account that the concentrations of Co 2+ ions in underground water and even in industrial wastewaters are usually lower than 100.0 mg/L, multiple usage of the material at low concentrations seems to be possible.
Effect of pH
As previously reported, the fixation of Co 2+ ions takes place by oxyhydroxyl groups of iron nanoparticles rather than through a redox reaction in spite of the fact that Co is somewhat higher in the electrochemical series than Fe (Üzüm et al., 2008) . XPS data of Co adsorbed on iron nanoparticles are given in Fig. 10 . We reported this mechanism also for iron nanoparticles on kaolinite (Üzüm et al., 2009 ). As shown in Table 2 , the adsorption of Co 2+ ions increased with the increasing initial pH of the dispersion. The increase of the adsorbed amounts with pH seems to be steeper than the change of the electrophoretic mobility. The relation to the change of the zpc is complicated by the inhomogeneous nature of the composite material when some of the nanoparticles were dispersed on the bentonite surface while another part retained the well known chain-like morphology of iron nanoparticles.
Conclusions
Core-shell iron nanoparticles where synthesized in the presence of K10 bentonite. The adsorption of Co 2+ ions was described by the second order rate equation. Within the studied concentration range, the equilibrium data adequately obeyed the Freundlich isotherm. The adsorbent seems to be appropriate for multiple usages at low Co 2+ concentration. The amount of adsorbed Co 2+ ions increased due to deprotonation of oxyhydroxyl groups on the external surface of the core-shell iron nanoparticles. More effort is still required to elaborate on the relationship between the precursor concentrations of Fe 2+ and the clay mineral at the stage of adsorbent synthesis in order to achieve better dispersion of the nanoparticles on the clay mineral particles. 
